Background
Monocyte subsets: A growing unresolved complexity Circulating human monocytes are bone marrowderived leukocytes that can differentiate into macrophages and dendritic cells. They participate in the induction and regulation of the inflammatory processes as well as in the adaptive immune responses [1] . The monocyte population is heterogeneous, exhibits high plasticity, and includes cellular subsets with different morphological features and functions. The monocyte subpopulations are conventionally defined according to the relative surface expression of CD14 (co-receptor, along with the toll-like receptor 4/TLR4, of the bacterial lipopolysaccharide/LPS), and CD16 (FcRIIIa). Although three different monocyte subsets were initially defined: classical (CD14++CD16−), intermediate (CD14+CD16+), and non-classical (CD14+ CD16++) [2] , the advances in molecular immunology have demonstrated that this cellular lineage is more complex than previously observed as it is described later. Classical monocytes constitute about 80-95% of the circulating monocytes and have prominent phagocytic capabilities [3] . Classical monocytes are important scavenger cells [4] that remove apoptotic bodies in a non-inflammatory fashion. They are rapidly recruited to sites of infection [5] and injury [6] [7] [8] , where they exhibit considerable functional plasticity [9] . The intermediate subset comprises about 2-8% of the circulating monocytes, increase in inflammatory or infectious conditions, and produce TNF-α, IL-1β, IL-6, and IL-10 [10, 11] . These cells participate in the proliferation and stimulation of T-cells, the inflammatory responses, and the angiogenesis. It is proposed that intermediate monocytes make up a transitional population bridging the classical and non-classical ones [12] .
Non-classical monocytes correspond to about 2-11% of circulating monocytes, are considered the major patrols of the endothelium where they search for injury, and accumulate in non-inflamed peripheral tissues such as spleen, lung, and liver when adoptively transferred [13] . They can have a proinflammatory behavior and secrete inflammatory cytokines in response to infection. These cells are also involved in antigen presentation and T-cell stimulation [14, 15] . Murdoch et al. [16] and Venneri et al. [17] identified two distinct subpopulations of CD16+ (intermediate and non-classical) monocytes based on the surface expression and function of the Tie-2 marker. Also, the expression of Slan (6-sulfo LacNAc) further distinguished the intermediate and non-classical monocyte subsets [18] . Nevertheless, the whole functions of the intermediate population have not been well defined since some reports suggest that they are more related to the classical monocytes and others present conflicting evidence.
In experimental murine models of cancer, compelling evidence points towards a role of tumor-associated macrophages (TAM) in tumor lymphangiogenesis. TIE-2-expressing monocytes (TEM) are highly proangiogenic immunosuppressive cells; and, TIE-2 and the receptor for the vascular endothelial growth factor (VEGFR) signaling pathways drive the TEM immunosuppressive function. TIE-2 and VEGFR signaling pathways display variable contributions to TEM angiogenic and lymphangiogenic activities in patients with breast cancer; however, the combined therapy of TIE-2 and VEGFR kinase inhibitors abrogated these activities and overcame the interpatient variability [19] . Sorafenib, a multi-kinase inhibitor, suppresses tumor angiogenesis and has become the first-line systemic therapy for patients with advanced hepatocellular carcinoma [20] . On the other hand, slan+ monocytes seem to be around 50% of the circulating CD16+ monocytes and contribute half of the cells in the inflammatory response in different diseases including lupus nephritis [21] and granulomatous inflammation [18] . However, the balance between several monocyte subsets in different pathologies requires a very systematic observation frame to determine if these cells are as they are expected to be. Just like monocytes, macrophages cannot be defined as a homogeneous cellular population since they are found throughout the body in different shapes and functions, conditioned by the tissue where they reside. Their numbers are constantly replenished by a pool of circulating monocytes that originate either directly from the bone marrow or a reservoir within the spleen or the same tissue, as suggested by Swirski et al. [22] . The mechanisms involved in the evolution of different diseases have been studied through biomedical imaging with ex vivo labeled-monocytes and their subsequent tracking in vivo [23] . Additionally, in vivo phagocytosis of nanoparticle imaging agents have been utilized to characterize disease stages, e.g., for differentiation of benign versus malignant neoplastic lesions [24] [25] [26] and the definition of tissue macrophage infiltration in autoimmune encephalitis and multiple sclerosis [27, 28] .
Monocyte subsets are differentially involved in different chronic inflammatory diseases
It is not surprising that given their multiple and pleiotropic functions, monocytes display different alterations in number, proportion, and role in several pathologies, mainly in chronic inflammatory diseases. Some of them include childhood obesity [29] , diabetes [30, 31] , atherosclerosis [32] [33] [34] , cardiovascular diseases [35] , infection by HIV [36] , and Chron's disease [37] . Our Group has reported phenotypic and functional alterations in monocyte subsets in tuberculosis and functional differences that seem related to their stage of differentiation [38, 39] . In the case of systemic lupus erythematosus (SLE), non-classical monocytes are found in the renal lesions and their role in the disease is evident [40] . Our in vitro studies showed altered proportions of circulating monocytes in patients with SLE; besides, those cells exhibited functional anomalies that suggested the loss of their regulatory functions in the proliferation of T-cells [41] . In SLE, monocytes are involved in nephritis mediated by immune complexes containing anti-DNA and anti-C1q antibodies; immune complexes-mediated damage is considered one of the leading causes of mortality in patients with this disease [42] . Altered functions of monocytes are also described in rheumatoid arthritis (RA) [43] . The intermediate monocytes are increased in patients with RA, whereas the non-classical monocytes are not [10] ; therefore, it is suggested that intermediate monocytes may migrate from peripheral blood into the synovia and differentiate into tissue M1 or M2 macrophages [44] to modulate the local inflammatory response.
Although macrophages favor the host immune response, there is growing evidence that these cells can also be harmful due to either changes in their intrinsic function or the perpetuation of the inflammatory conditions. For instance, macrophages that infiltrate the tumor stroma, or Tumor-Associated Macrophages (TAMs), can operate as regulatory components that decrease the effector activities of the immune system, promote angiogenesis, and provide a supporting stroma for the carcinoma cells. The tumor may exert its effects through soluble factors that amplify macrophage progenitors away from the tumor stroma [45, 46] , generate molecular gradients that attract circulating monocytes [47] , produce immunoregulatory cytokines, and modulate the function of TAMs in the local tumor microenvironment [48] . Other example is the study performed by Seidler et al., in which they identify alterations of monocyte subpopulations in healthy human volunteers relative to the age. Several changes in the innate immune systems, including neutrophils, monocytes, macrophages, natural killer and natural killer T (NKT) cells and dendritic cells have been reported to contribute to the "immunosenescence" observed at old age [49, 50] . This study demonstrates a substantial shift from 'classical' CD14++CD16-to 'non-classical' CD14+CD16+ monocytes with increasing age in healthy adults A similar observation had been made in the year 1999 in a small study that reported a significant expansion of CD14+CD16+ monocytes in the elderly, although both studies are not directly comparably, because the prior study compared very old (mean age 88 years) with young (mean age 30 years) subjects [51] To note, the significant increase of non-classical monocytes with a reduced surface expression of HLA-DR and CX3CR1 during aging [52] but Classical CD14++CD16-monocyte counts did not vary dependent on age. In addition to this findings, Seidler et al, observed that serum concentrations of MCP-1 (CCL2), but not other chemokines, including fractalkine (CX3CL1), increased with age. These findings also highlight the broad and diverse role of monocytes under normal physiological conditions. When monocytes were differentiated into monocyte-derived macrophages, in response to LPS, accumulated high amounts of TNFα, IL6, IL1β, IL10 and also the chemokines MCP-1, MIP1α and MIP1β, while MIG was not significantly induced by LPS. Again, cells derived from old volun--teer preserved functional capacity to produce these cytokines/chemokines upon LPS stimulation. However, from the side of pathology, when it is more critical to understand what monocytes are doing, their possible functional alterations and where they are taking place, studies based on peripheral blood cells show only a part that partially reflects the alteration without realizing what may be happening in localized sites. At the early stages of many diseases, when the type of tissue damage is not evident, it is difficult to make a prognosis, and any selective intervention on macrophages is not feasible. In many cases, biopsies or bronchoalveolar lavages are required to access the compromised organ. These procedures are invasive and cannot be repeated because of the health risks for patients [53] ; besides, in some cases, the injured tissue is difficult to access to. The broad tissue distribution, the multiple roles, and the pleiotropic effects of MPs make relevant the question about their altered distribution and function during diseases and tissue remodeling. There is a need for a noninvasive method for assessing disease activity at the cellular level is necessary. To this purpose, nanomedicine offers new possibilities; most of them are under development and could be used to track MPs or even to address "bullet drugs" against them.
Why
Tracking of monocytes through imaging with nano tools Positron Emission Tomography (PET), fluorescent nanomaterials, X-ray computed tomography, and Magnetic Resonance Imaging (MRI) are some of the most common approaches used in clinical imaging. However, the detection limits of those techniques to identify a monocyte subset in a tissue involved in an inflammatory process of any origin are not clear. PET is an imaging technique that detects pairs of gamma rays emitted by a positron-emitting radiopharmaceutical media. The most widely used media is Fluorine-18 (18F), which is intravenously injected in a biologically active molecule (the radioactive tracer) and registered by external detectors that are positioned at different orientations. The isotope distributes within different tissues according to the nanocarrier and emits a positron. In turn, this positron interacts with a free electron and induces a reaction of extinction, resulting in the emission of two photons at almost 180-degree to each other that are detected by crystals often made of bismuth germanate. Electronically coupled opposing detectors identify the pair of  photons simultaneously by using coincidence detection circuits that measure extinction events within 10-20 ns. Nanoparticle-based PET agents frequently include modified dextrans [54] [55] [56] , graft-copolymers [57, 58] , and other scaffolds [59] [60] [61] . These nanomaterials are used to track inflammation based on the fact that tissue macrophages and infiltrating monocytes can phagocytose them. Those phagocytes comprise most of the cells inhabiting the tissues, help to initiate the inflammatory response by the coordinated release of mediators, and have the potential to restrain the inflammation. Additional monocytes can be recruited subsequently from the blood to the tissues where they can differentiate into inflammatory macrophages. All these cells orchestrate the inflammatory process and are likely a pivotal point in defining the resolution of the process versus its progression towards permanent damage. The interaction of macrophages with fibroblastscan lead to the production of extracellular matrix proteins that induce tissue repairing. The 11C-labeled R-isomer of the PK11195 (isoquinoline carboxamide) which binds selectively to the Peripheral Benzodiazepine Receptor (PBR), highly abundant in macrophages [62] , has been used in animal models to monitor the accumulation and clearance of lung-instilled particles. Some patients with chronic obstructive pulmonary disease or asthma show a higher than normal uptake of 11CR-PK11195 [63] , similarly to cigarette smokers with asthma or sclerodermaassociated fibrosing alveolitis [64, 65] . Branley et al. [64] demonstrated the possibility to study the pulmonary inflammation in fibrosing alveolitis due to systemic sclerosis through a noninvasive procedure, by PET. Particularly, phagocytes could be tracked in the lung thanks to the expression of PBR, a marker of macrophage trafficking to the lung parenchyma. The authors found a downward trend in the uptake of 11C-[R]-PK11195 in fibrosing alveolitis due to systemic sclerosis compared to normal lung [64] . Jarrett et al. developed a dual-mode PET/MRI active probe to target vascular inflammation. They incorporated an aliphatic amine polystyrene bead and a superparamagnetic iron oxide nanoparticle targeted to macrophages that were both coupled to positron-emitting 64Cu isotopes [66] ; later, they demonstrated [67] that it was possible to detect the presence of macrophages in the atheromatous plaques in a murine model. Macromolecular and nanoparticle contrast agents used to target macrophages were developed and tested in three different mouse and rat models of atherosclerosis to study the vascular plaques. For multimodal detection, the probes were designed to contain gadolinium (T1 MRI) or iron oxide (T2 MRI), and 64Cu (PET). PET imaging was used to identify areas of macrophage accumulation; these areas were further tested by MRI to visualize the macrophage distribution at high resolution. In both, PET and MRI, the probes enhanced contrast at sites of vascular inflammation, but not in the healthy vessel walls. MRI was able to identify discrete sites of inflammation that were blurred together at the low resolution of PET; histological studies confirmed the presence of macrophages in the lesions. The multimodal imaging approach allowed a high-sensitivity and high-resolution mapping of the biomarker distribution and can become a clinical method to predict the probability of the rupture of the plaque [66, 67] . To validate that the results were not animal modelspecific, nor imaging method-dependent, PerezMedina et al. also examined rat models of vascular inflammation using the multimodal macromolecular probes (positive MRI contrast). They used the crush injury [68] and the copper-induced inflammatory reactions of rat carotid arteries [69] to ensure that the imaging approaches could label the inflamed plaques irrespective of the model. A high resolution-MR image that was zoomed in on the volume enhanced in the PET image confirmed the overlapping of the PET signal with a broad area within and around the injured tissue in the carotid artery. No PET signal associated with the uninjured contralateral side; similarly, control uninjured animals did not show any accumulation of PET signals in the vessel walls [70] . On the basis of the micro-PET imaging, Willmann et al. reported that VEGFR2-targeted microbubbles were rapidly cleared from the blood circulation (50% blood clearance after approximately 3.5 minutes); besides, the in vivo distribution of intravenously injected N-succinimidyl-4-[18F] fluorobenzoatelabeled microbubbles showed that lung, gut, brain, and muscle were the targeted tissues. Additionally, the uptake of the targeted microbubbles was significantly higher in mouse angiosarcoma cells than in the adjacent skeletal muscle cells. Immunofluorescence staining demonstrated the accumulation of the targeted microbubbles within the hepatic Kupffer cells and the splenic macrophages [71] . The results of Willmann et al. suggested that dynamic in vivo micro-PET allowed a noninvasive study of the whole body and the tissue distribution of targeted microbubbles in mice. Targeted microbubbles were quickly removed from the blood circulation and rapidly accumulated in the liver and spleen through the phagocytosis by MPs. Contrast-enhanced ultrasonography with microbubbles targeted to molecular markers is increasingly being used in preclinical research and is likely to be translated into the clinical practice soon. The findings of Willmann et al. gave insights about the whole-body distribution of targeted microbubbles in living mice and have direct practical implications for planning and performing of future molecular imaging approaches with targeted microbubbles for contrast enhanced ultrasonography [71] . Although the methods, previously described, allow to determine the presence of tissue infiltrating phagocytes in a sensitive and specific manner, they do not identify the differential uptake of the agent by any particular type of monocyte subsets. Hulsmans et al. [72] did not use nanoparticles directly but the PET based-strategy; notwithstanding, they correlated 18F-fluoro-2-deoxyglucose (18F-FDG) uptake in hematopoietic organs with echocardiographic parameters of diastolic function in a retrospective analysis. The increased 18F-FDG positron emission signal reflected higher metabolic rates, which in marrow and spleen indicated accelerated hematopoietic activity [73] . Among patients with normal diastolic function (see Materials and Methods for patient selection criteria), they found a significant correlation of the splenic PET signal with the echocardiographic measures of filling pressures (i.e., E/e′ and the estimated right ventricular systolic pressure) and observed similar trends for the marrow PET signal. These retrospective clinical data were preliminary because of the small sample size, the unspecific mechanisms behind 18F-FDG uptake, and the load dependence of echocardiographic measures acquired at different time points. Nevertheless, the parallels between the histology, flow cytometry, and imaging findings in patients and those in mice are intriguing because they indicate that the diastolic dysfunction is related with increased myelopoiesis and systemic myeloid cell oversupply. Hulsmans et al. [72] reported that cardiac macrophages expanded and had an etiological role in diastolic dysfunction. Higher myocardial macrophage densities arose from monocyte recruitment and activation of hematopoiesis in the bone marrow and spleen. In mice with a macrophage-specific deletion of IL-10, a cytokine that increases during diastolic dysfunction, the rapid cardiac filling during diastole improves. IL-10 contributes to a shift of the macrophage phenotype towards a profibrotic one, which activates fibroblasts. Fibroblasts become more numerous and deposit collagen, leading to impaired myocardial relaxation. These data define macrophage-derived IL-10 as an autocrine profibrotic agent that promotes diast--olic dysfunction. Therefore, they studied myeloid cells in two conditions that cause diastolic dysfunction in mice and compared some key findings with those in patients with heart failure with preserved ejected fraction (HFpEF). Although the clinical observations were preliminary and should be interpreted with caution, the data showed interesting similarities and some differences between the murine cohorts and humans. Cardiac macrophages expanded in both aged and SAU NA-exposed mice, and in myocardial biopsies from HFpEF patients. In both murine conditions and in patients with HFpEF, circulating monocytes, the progenitors of macrophages recruited to the injured heart were present at higher numbers. In the three scenarios, the activity in the hematopoietic organs increased [72] . Fluorescent nanoparticles that have the affinity for the MPs are used for microscopy, flow cytometry, and intravital imaging techniques such as endoscopy or optical tomography [74] [75] [76] . Indeed, fluorescent nanoparticles have yielded most of the current insights into the way macrophages and other cells process nanomaterials. A few of these preparations of nanoparticles have been well characterized and are commercially available, but the number of experimental agents abounds. One idea to keep in mind is that fluorescent nanomaterials for cell tracking usually require coat modifications of the nanoparticles that can alter their nature, and in turn, could change their interaction with MPs. The other imaging strategy is the computed tomography (CT). This approach uses digital geometry processing for generating a 3D image of the internals of an object from an extensive series of twodimensional X-ray images taken around a single axis of rotation. The approach directs X-rays to an object from multiple orientations and measures the decrease in intensity along a series of linear paths. This decrease is characterized by Beer's Law, which describes intensity reduction as a function of the Xray energy, the path length, and the material linear attenuation coefficient. Specialized algorithms are used to reconstruct the distribution of the X-ray attenuation based on the body used to make the image. The resolution of the CT is typically in the submillimeter and micrometer ranges for clinical and preclinical systems respectively.
In contrast to the other imaging techniques, the X-rays require relatively elevated concentrations of absorbent nanomaterials to delineate macrophages.
As a result, only a few nanoagents can be used for cell tracking at this level of resolution using CT. One of the contrast materials most widely used is ethyl-3,5-bis(acetylamino)-2,4,6-triiodobenzoate (N1177), an emulsified suspension that is composed of crystalline iodinated particles dispersed with a surfactant; N11777 particles are selectively phagocytosed by macrophages [77] [78] [79] . Two biocompatible surfactants, a polyoxyethylene-polyoxypropylene block copolymer (poloxamer 338) and polyethylene glycol (PEG) are used to stabilize the particles and prevent their aggregation. Some other agents have been explored, but their use has been minimal. High atomic number materials that absorb X-rays more effectively are theoretically advantageous, but most of them are often toxic, limiting the derivation of new emulsifications for in vivo procedures. Another material used to track macrophages is PEGylated gold nanoparticles [80] [81] [82] [83] . Dendrimer-entrapped gold nanoparticles (Au-DENPs) with polyethylene glycol (PEG) and fluorescein isothiocyanate (FI) coatings were synthesized, characterized, and studied in murine macrophages. The CCK-8 cell viability assay showed that PEGylated AuDENPs were non-cytotoxic up to 300 μM Au. The morphology and localization of [(Au0)300-G5.NHAc-FI-mPEG] DENPs were examined through silver staining, fluorescence microscopy, and Transmission Electron Microscopy (TEM). The authors found that macrophage recruitment to atherosclerotic lesions could be visualized in a noninvasive and dynamical way in live animals using micro-computed tomography or "micro-CT" 3D X-ray imaging [81] . Most of the strategies proposed to get the maximal resolution are based on the nuclear magnetic resonance (NMR) imaging that might allow distinguishing the tissue structures partly. This procedure is based on the signal obtained from the hydrogen nuclei contained in hydrogenrich compounds present in the cells, including water and lipids. Hydrogen possesses a property known as "spin," which depends on the number of protons. The "spin" induces a magnetic moment, generating a local magnetic field; the time to return to the initial position is designed as a relaxation time (Tl, T2, and T2*). MR contrast agents selectively alter the hydrogen relaxation times of tissues containing them.
Considering that phagocytic cells must be responsible for the uptake of this material, it is necessary to define many aspects that are inherent to the image resolution: the uptake will depend on the function, number, stage, and type of activation of the phagocytes, but mainly it will depend on the monocyte subset. In 2017, Park et al. [84] published a very detailed review about the physical background, sensitivity, and specificity of several clinically relevant imaging modalities, and provide an overview of the materials currently used for in vivo nanodiagnostics. However, the specific point regarding macrophages and subpopulations of monocytes requires a specific development for this type of cells. Some considerations to keep in mind are the physical properties of the particle as size and charge because micrometer-sized particles are filtered in the capillary vessels. Besides, it is necessary to consider the particles hydrodynamic form during the transport through the small capillaries [85, 86] ; colloidal carriers larger than 100 nm, such as liposomes and polymeric nanospheres are endocytosed by Kupffer cells in the liver. These carriers have applications in vascular drug delivery and release, and in the sitespecific targeting (passive and active); liposomes can also activate the complement system (reviewed in [86] ), whereas the splenic fenestrations filter out particles larger than 200 nm [86, 87] . The effect of surface charge in the circulation time was evaluated using magnetite-dextran particles coated with polyoxyethylene-polyoxypropylene copolymers (Synperonic: MDP particles neutral and larger in size (65.9-76.4 nm) because charged particles (mainly the positive ones) tend to be cleared by the mononuclear phagocyte system more quickly and have a higher non-specific cell internalization rate than neutral particles [88] . Some experiments showed that the more the size of the particle, the more the uptake by the liver; 20 min post-injection of nanoparticles (2 mg Fe/kg), the liver uptake was higher when the mean diameter increased: 22% for the smallest and 42% for the largest beads. For instance, particles formed or coated with functional groups like primary amine are readily phagocytosed compared with particles covered with carboxyl, sulfate, and hydroxyl groups [89] . Particles with a surface charge less than 15 mV showed decreased phagocytic uptake, longer circulation time, and higher accumulation in a murine tumor model [90] . However, the surface charge of a nanoparticle can change quickly upon contact with plasma proteins that induces its adsorption and ops--oonization [91, 92] by forming a protein envelope that favors the phagocytosis and clearance of the particles [93] [94] [95] . A common strategy for enhancing the circulation of particles is to coat them with hydrophilic and neutral polymers, such as PEG, polyethylene oxide (PEO) or polyoxyethylene (POE), according to their molecular weights [96] . PEG is a polyether compound that confers to nanoparticles resistance to protein adsorption and opsonization [97] ; thus, PEG allows nanoparticles to escape from the phagocytosis by MPs and extends their circulating half-life from minutes to hours. Higher-molecular-weight PEG and a greater coating density improve the circulating half-life [96] [97] [98] [99] of nanoparticles. For example, >100 nm dextran-coated magnetic nanoparticles functionalized by crosslinking with PEG of 5 and 20 kDa have half-lives of 7.29 and 11.75 hours, respectively [100] .
Iron nanoparticles
Except for iron oxide particles, nanomaterials have seldom been used in clinical diagnostics. Park et al. [84] considered that this is primarily due to the difficulties in attaining acceptable pharmacokinetic properties and suitable quality control, as well as to issues of toxicity, biodegradation, and clearance of the developed nanomaterials. Representative examples of clinical, commercial and a wide range of experimental uses are listed by the National Institutes of Health Molecular Imaging and Contrast Agent Database (http://www.ncbi.nlm.nih.gov/books/NBK5330/). The idea to track or to "bullet drugs" to tissue infiltrating monocytes is not a novelty. However, tracking specific cells will require more defined details and knowledge of the cells and the nature of the bullet. Target-oriented and magnetically guided albumin nanoparticles were reviewed for their in vitro and in vivo characteristics elsewhere [101] . Magnetic particles with a low dose of doxorubicin entrapped in a carrier were characterized in a rat tail model. It is important to note that the targeting of particulate drug carriers to disease-affected tissues is considered an effective method to obtain a high local concentration of the drug as well as to reduce many unwanted side effects caused by the systemic circulation of the medicament [102] .
The functionalization of magnetic albumin microspheres by incorporation of Protein A to bind the IgGFc region without chemical coupling agents has also been tested [103] ; however, this strategy generate nonspecific binding and does not discard many unknown side effects of the active Protein A. The earliest reports of polycyanoacrylate and polymethylmethacrylate nanoparticles as drug targeting devices were promising [104] [105] [106] [107] . Nanoparticles are similar to other colloidal systems that are mainly captured by MPs. However, due to their colloidal nature, they can escape the blood circulatory system via endothelial pinocytosis and endothelial fenestrations and can reach the hepatocytes [108] . Therefore, the solid core must be suitable to avoid some unwanted side effects; biocompatible superparamagnetic iron oxide (SPIO) nanoparticles with proper surface envelopes are critical for both cellular imaging and drug delivery applications. Conventionally, SPIOs usually refers to superparamagnetic iron oxide nanoparticles with a hydrodynamic size around 100 nm that are taken by the reticuloendothelial system (RES), while USPIO (ultra-small SPIO) refers to particles that initially tend to escape the RES and are trapped in "deep" macrophages. Superparamagnetic iron-oxide based nanoparticles are the most extensively studied materials and are used for either nonspecific labeling or functionalization with high-affinity ligands for targeting cell surface receptors [109] . Biocompatible magnetic nanoparticles are often classified by composition, size, coating, crystallinity, and manufacturing process. Preparations (100 nm sized) are lumped as ultrasmall SPIO (USIPO) and single crystal nanoparticles as monocrystalline iron-oxide nanoparticles (MION). Iron-only nanoparticles contain both Fe2+ and Fe3+ ions in variable stoichiometric ratios [110] . The core is coated with different materials for keeping the particles in a homogeneous suspension. The specific detection of peripheral blood-derived monocytes in human tissues requires tools of exceptional selectivity and sensitivity. The routine blood cell count allows to quantify circulating monocytes but does not inform about either the type of subset [111, 112] , stage of activation, or functional alteration. Additionally, the other routine available diagnostic tools for studying the specific changes of monocyte subsets in the tissue lesion are invasive approaches, precluding this way, the possibility of repeated analysis to follow up the evolution of the cellular infiltrate. Wildgruber et al. profiled the phenotypic and functional characteristics of human monocyte subsets and focused on two differential features: the shared expression of the Macrophage Colony-Stimulating Factor Receptor (MCSF-R) and the variable capacity of monocyte subsets for phagocytosis [109] . They customengineered magnetic nanoparticles and through a magnetic resonance chip technology [113] simultaneously evaluate the monocytes and monocyte-subset changes in patients with atherosclerosis. In this pathology, it is essential to monitor the macrophage functions, since those cells represent the most relevant leukocytic component of atherosclerotic plaques and contribute to lesion ruptures that result in stroke and myocardial infarction [114] . Bierry et al. [115] used MRI with SPIO gadolinium to identify the macrophages present in injured tissues of patients with infectious vertebral osteomyelitis and degenerative diskrelated inflammatory endplates. Their preliminary results about the in vivo finding of differential distribution of macrophages in these two disorders allowed them to hypothesize a possibly more accurate characterization of the vertebral endplate alterations than the classical extracellular changes detected by MR [115] . Macrophage imaging based on MR sequences has been enhanced by using USPIO particles. These particles usually have a mean diameter of 18-30 nm and are particularly suited for MRI of the macrophage activity. Macrophage labeling with USPIO particles has been used in inflammatory diseases as atherosclerosis, autoimmune encephalomyelitis, nephrotoxic nephritis, transplanted graft rejections, and bacterial soft-tissue infections. These particles were also used by its ability to reveal infection or joint inflammation in a model of unilateral arthritis induced by the injection of methylated bovine serum albumin into the knees of rabbits that had been previously primed with the same antigen. The MR imaging at 1.5 T and 24 hours after the contrast agent administration could evidence the USPIO uptake by phagocytic-active macrophages in the synovium of all the arthritic knees [116] . For clinical purposes, the ability to visualize the macrophage activity in the arthritic joints by MRI appears desirable in many respects. It could enable the assessment of the early stages of the disease before conventional radiography or other imaging approaches can detect structural changes. Moreover, a technique that can detect in vivo the phagocytic-active macrophages by the iron oxideassociated signal effects could be a useful tool for the surveillance of the response to therapeutical drugs that modulate the activity of macrophages in rheumatoid arthritis. The USPIO agent (P904) (Guerbet, Aulnay-SousBois, France) was tested by Lopez-Castro et al. who used Electron Microscopy and found that these particles are degraded after being ingested by the macrophages; that is iron from the SPIO core is progressively incorporated into the iron-storing protein, ferritin, which is considered a nontoxic form of iron [117] . Nevertheless, Levy et al. reported that the superparamagnetic properties of the NPs had been modified after cell internalization, due to the magnetic interactions between NPs sequestered within intracellular organelles. The modifications in the magnetic behavior of the NPs were observed in vivo in a murine model after NP uptake by spleen and liver-resident macrophages and inflammatory macrophages in the adipose tissue, as well as in vitro in experiments with monocyte-derived macrophages. The NPs formed clusters, and their magnetic properties became dependent on the targeted organ, the dose administrated, and the time elapsed since their injection [118] . The possibility to characterize monocyte subsets using nanosensors was evaluated by Wildgruber et al. in 2009 . Their first observation indicated that targeted fluorescent iron-oxide nanoparticles allowed the optical discrimination of monocyte subsets [109] . Then they engineered a putative monocyte-targeted nanoparticle by covalent attaching of anti-MCSFR antibodies to the Cross-Linked Iron Oxide (CLIO), composed by dextran-coated superparamagnetic nanoparticles [119] . The incubation of mononuclear cells for 10 min at room temperature with increasing doses of fluorescent-tagged CLIO-MCSFR led to similar labeling of both CD16++ and CD16+ monocyte subsets across all concentrations without detectable labeling of other cells or toxicity at doses up to 1000 mg Fe/ml as detected by Trypan blue and Annexin V stainings, in agreement with the literature [120] . Besides the fluorescence labeling, the monocyte subset was resolved with a diagnostic magnetic resonance (DMR)-chip and modeled mathematically for enumeration studies. When the phagocytic capacity was probed with CLIO, the ΔT2 were higher in CD16+ monocytes compared to slight signals in cells other than monocytes [109] . Then, the authors evaluated further the clinical relevance of the CLIO labeling, through the analysis of the profile of monocyte subsets in complex physiological cell mixtures; they observed that the T2 changes of CLIOs allowed correct discrimination of the monocyte subsets [109] . The recognition of the monocytes involved in inflammatory processes promises to improve their detection in different pathologies; notably, the studies performed by Wildgruber et al. have proposed the use of CLIO for detection and treatment of patients at risk of atherothrombotic events. Their studies focused on the analysis of fluctuations of the monocyte subsets that can occur in patients with atherosclerosis. Notwithstanding, monocytes are cells of wide tissue distribution that participate in many different diseases and pathological processes, not only in the inflammatory stages but also in their resolution. During the following two years Settles et al. [121] published evidence about the detection of monocytes by MRI. They labeled human phagocytes ex vivo, then reinjected them, and finally followed them in vivo by MRI. The reinjection of ex vivo labeled monocytes could direct the contrast agents more specifically to the injured tissue. This feature could solve the current problems of the limited sensitivity of MRI and increased the contrast-to-noise ratio due to a limited background signal. The authors exploited further these properties and showed that CD14++CD16-monocytes showed a higher uptake of both experimental and clinically approved iron oxide contrast agents and that this increased uptake led to shorter T1 and T2 relaxation times at 1.5T. The iron uptake of the two clinically approved iron-oxide nanoparticles, quantified by Zeeman spectrometry, was comparable to the values reported by Metz et al. [120] . The cellular uptake of MION-48 by both CD14++CD16-and CD14++CD16++ monocyte subsets was higher than the values previously reported for MION-46 by cultured peritoneal macrophages [122, 123] . This difference was attributed to the variable differentiation stage of the phagocytes as well as to different characteristics of MION-46 versus MION-48 particles. Overall, the differences between different agents were attributed to the particle size, surface coating, surface charge, and opsonization [120, 124] . Additionally, the intracellular compartmentalization of the particles influences their relaxivity. Therefore no linear relationship can be assumed between the number of particles ingested and the relaxivity [110] . When magneto-fluorescent nanoparticles were used, the internalized iron-oxide particle (CLIO-680) colocalized with clathrin-coated vesicles. Besides, the number of intracellular nanoparticles, measured by atomic absorption spectrometry, was not directly translated into the observed relaxation times. As all of the four (Superparamagnetic iron oxide (large) or SPIO, standard SPIO (SSPIO) agents, ultrasmall SPIO (USPIO) agents and monocrystalline iron oxide nanoparticle (MION) agents) particles tested were similarly dextran coated, and the variations the in the results were mainly attributed to the particle size, opsonization, and cellular compartmentalization. Several studies have demonstrated that the endocytosis of nanoparticles is highly dependent on the particle size [125] . The results obtained by Settles et al. cannot be necessarily extrapolated to particles with other types of surface coatings. The different properties, e.g. of polyvinyl alcohol or dopamine-polyethylene-glycol coating are known to alter the interaction between the cell and the particle and the subsequent internalization of the particle [125] . However, for all particles investigated, CD14++CD16-monocytes showed higher intracellular iron concentrations compared to CD14+CD16++ ones. Also, T1 and T2 relaxation times were lower for all agents tested in CD14++CD16-monocytes compared to their CD14+CD16++ counterparts [121] . However, it is important to note that a shift of monocytes towards APCs induced by the labeling procedure itself can change the physiological course monocytes take on their route to tissue repair and homeostasis and prime the labeled cells towards a defined commitment. The increased expression of the mannose receptor CD206, which is an essential mediator of macrophage cell migration, identifies the selective differentiation of CD14+CD16++ monocytes towards the macrophage lineage just only two hours after the in-vitro labeling procedure, while CD206 does not change in CD14++CD16-monocytes. The upregulation of the TNF receptor CD120a in CD14++CD16-monocytes during the labeling makes this monocyte subset more susceptible to the inflammatory stimuli by TNF.
Although these phenotypic markers are only a few, the current results have demonstrated that even the short ex vivo labeling procedure alters the phenotype of naïve monocytes in culture and, that the up-or downregulation of cell markers differs between the two main subsets of monocytes [121] .
Conclusions and Perspectives
In spite that the regulatory entities have approved different contrast agents, the uptake and usage of nanoparticles in the clinical practice are conditioned by the specific biosafety requirements that limit their use. It is important to consider that although nanomaterials can be phagocytosed or internalized by different cells, the features that allow the interaction between the phagocytes and the materials can be different depending on the inherent cell abilities for such interaction and its role in the inflammatory context. The understanding of the inflammatory processes that involve specific monocyte subsets with different functions will require a consensus for a satisfactory identification of the cell subpopulations and their roles in the immune pathogenesis of some diseases. So, it is necessary that researches in the area also delve into the meaning, characterization, and function of the type of cellular infiltrates recently discovered. Although the SPIO-enhanced MR imaging improves the test, the use of this type of materials will require specific training. Alternatively, in the future, this obstacle could be overcome by teleradiology strategies, that is, by referring data to a central reading staff of radiologists with expertise in interpreting this type of images. The T2*relaxation and delta T2* often quantify the SPIO enhancement (difference of T2* relaxation before and after SPIO enhancement); the delta T2* is assumed to correlate with the amount of SPIO. Since the findings of Settles [121] indicated that the amount of the material is critical to distinguish at least between classical and non-classical phagocytes, this measurement is strongly influenced by, among others, the static magnetic field B0 in-homogeneities; therefore, the MR technology needs to improve the T2* quantification. Another possibility will be to exploit the T1 relaxation enhancement of SPIO by the T1 weighted MR sequences or the broader spread of even higher magnetic strength such as 7 Tesla; this last one will reduce the required dosage of SPIO agents for a more precise discrimination of the cells, as well as the accurate quantification of the local iron concentration. The relationship between the deltaT2* and the iron concentration is more likely to be linear when the iron concentration is low. The intracellular iron concentration seems promising for distinguishing at least the two mayor monocyte subsets and studying their distribution. In this way, it will probably be feasible to discriminate the monocyte subsets with higher selectivity. An additional problem that can be considered is that the classification of monocytes no longer corresponds exactly to that defined by Loems Ziegler-Heitbrock [12, 18] . The emergence of the slan+ population with proper inflammatory characteristics, in contrast to the rest of the CD16+ monocytes, also requires the development of nanotools to identify this subpopulation exclusively. In this sense, the expression of Tie-2, which does not precisely match the differential surface expression of CD16, will require a greater understanding of the biology of the slan+ cells to identify them as well as to develop tools for make them a target of the nanoparticles. A final issue to consider is the functionalization of the nanomaterials. The fundamental problems described above need to be improved. Although several materials do not seem to compromise the viability and function of phagocytes, the most specific among them are the agonist of receptors related to the cell activation or with the antigen recognition and processing pathways. The presence of iron particles can also contribute to oxidative events in a way that has not been unveiled up to now. Coatings that reduce loads with the PEG, require additional molecules for their vectorization, and in consequence, for a cell interaction that can increase the specificity without reducing the agonist effects. tomographic imaging of leukocyte recruitment and protease activity in the healing myocardial infarct. Circ Res. 
